Aim: To evaluate the effect of ibuprofen on bilirubin-albumin binding affinity and unbound bilirubin in premature infants. Study design: A prospective study with subjects serving as their own controls was performed on -30 weeks' gestational age infants with unconjugated hyperbilirubinemia and who received ibuprofen for patent ductus arteriosus. Infants with congenital malformation, TORCH infections, and conjugated hyperbilirubinemia were excluded. Total serum bilirubin (TSB) and unbound bilirubin (modified peroxidase test) were measured prior to (baseline) and after (follow-up) initiation of ibuprofen. The bilirubin/albumin equilibrium association binding constant was calculated using albumin, TSB, and unbound bilirubin. Results: Ten infants were studied. The mean TSB between baseline (5.9"1.7 mg/dL) was higher than that at follow-up w4.9"1.7 mg/dLx. Mean unbound bilirubin at baseline (0.75"0.65 mg/dL) was similar to that at follow-up (0.63" 0.46 mg/dL). No difference existed between mean baseline binding constant (49"50 L/mmol) and that at follow-up (44"36 L/mmol). The ratio of unbound bilirubin with and without ibuprofen, index of displacing effect, was 0.88 (95% CI 0.63-1.14). Conclusions: Ibuprofen may not be associated with bilirubin displacing effect in relatively stable premature infants with mild to moderate unconjugated hyperbilirubinemia.
Introduction
Patent ductus arteriosus (PDA) is extremely common in very premature infants and untreated symptomatic PDA may be associated with chronic lung disease w15x. Pharmacological closure of PDA with indomethacin, a prostaglandin inhibitor, has remained the mainstay of treatment in premature infants over the last three decades. Recently, ibuprofen lysine was approved by the US Food and Drug Administration (FDA) for use in treatment of PDA for premature infants. Recent meta-analyses and systematic reviews, evaluating the efficacy and toxicity of ibuprofen lysine compared with indomethacin, concluded that the efficacy on PDA closure was similar but ibuprofen lysine was associated with lower serum creatinine values and lower risk of oliguria compared to indomethacin w6, 13, 16x.
Although the findings of meta-analyses suggest a small therapeutic superiority in favor of ibuprofen, there is a theoretical concern from in vitro studies for a potential bilirubin displacing effect and secondary increase in free or unbound bilirubin (bilirubin not bound to protein, B f ) concentration because ibuprofen is highly (approx. 95%) bound to protein w1, 6x. B f crosses the blood-brain barrier w8x and recent studies have demonstrated strong association of B f as measured by the peroxidase method using the FDA approved UB analyzer with bilirubin-induced neurotoxicity in premature infants w2, 4, 9x. Therefore, potential risk of bilirubin-induced neurotoxicity exists with ibuprofen administration in premature infants. However, the results of in vitro studies that evaluated the bilirubin displacing effect of ibuprofen are inconclusive w1, 3, 10x. In addition, only a single secondary report has been previously published that explored the bilirubin displacing effect of ibuprofen in premature infants w6x. We have been measuring B f and bilirubin-albumin binding affinity in premature infants for a National Institute of Health funded bilirubin study using the modified peroxidase test with two peroxidase concentrations. We, therefore, undertook this prospective nested study to evaluate the effect of ibuprofen lysine on bilirubin-albumin binding affinity and B f using the modified peroxidase test. The study was approved by the Institutional Research Review Board, and informed consent was obtained from the parents.
Methods
The study was designed as a prospective observational study with subjects serving as their own control. Premature infants born at -30 weeks gestational age (GA) at the University Hospital between November 2007 and July 2009, were enrolled prospectively in the National Institute of Health funded bilirubin study, and who received ibuprofen lysine for the management of PDA during the first two weeks after birth were eligible for the study. GA was assessed by obstetrical dating criteria or, when obstetrical data was inadequate, by Ballard examination. Infants with major congenital malformations, toxoplasmosis, rubella, cytomegalovirus infection and herpes simplex (TORCH) infections, conjugated hyperbilirubinemia welevated direct or conjugated hyperbilirubinemia )1.0 mg/ dL if the total serum bilirubin (TSB) is -5.0 mg/dL or )20% of the TSB if the TSB is G5.0 mg/dLx, and resolved unconjugated hyperbilirubinemia (TSB F2 mg/dL) were excluded.
Indomethacin is the preferred drug for the management of PDA at the study site. In the presence of renal dysfunction, ibuprofen is preferred for the management of PDA and used at the discretion of attending neonatologist. The unit policy is to administer ibuprofen lysine as an initial dose of 10 mg/kg intravenously followed by 5 mg/kg/dose every 24 h for two additional doses.
Blood samples were collected from each enrolled subject before the administration of ibuprofen (baseline samples), and between the first (10 mg/kg) and second dose (follow-up samples), in amber colored serum separator tubes to protect from light. Each blood sample was immediately centrifuged in the dark and the separated serum was analyzed in limited light to measure TSB and B f concentration (mg/L) by a validated modified peroxidase method w14x using a FDA approved UB UA-1 analyzer (Arrows Co., Ltd., Osaka, Japan). The samples were analyzed for B f within two weeks after collection and storage in -208C or -808C freezer by a single investigator. The peroxidase test was modified to also include B f measurement at half the standard peroxidase concentration to avoid underestimating the equilibrium B f (B feq ). In addition, the albumin concentration was measured using the bromcresol green method w11x to allow calculation of the bilirubin/albumin equilibrium association binding constant (K, L/mmol) from the equation below. The binding constant quantifies the relative strength of bilirubin-albumin binding (the greater the K the stronger the binding). The coefficients for converting TSB (mg/dL), B f (mg/dL), and albumin (g/dL) to mmol/L are 17.1, 0.0171, and 151, respectively.
TSB-Bf
sK Bf(wAlbuminx-TSBqBf) Infants received intravenous lipid emulsion at the discretion of the attending neonatologist. Phototherapy was used according to the institutional guidelines for the management of hyperbilirubinemia in premature infants that is currently based on TSB concentrations, birth weight, and presence of clinical factors that increases the risk for bilirubin encephalopathy. Acidosis and hypoxia were evaluated as clinically indicated at the discretion of the attending neonatologist.
The sample size calculation was based on findings of published in-vitro studies that suggest that ibuprofen may increase B f by a factor of more than 2 w1, 10x. Our preliminary findings (unpublished) suggest the mean B f to be approximately 0.65"0.45 mg/dL for 24-30 weeks' GA infants during the first two weeks after birth. We used a difference of )1.3 standard deviation (SD) for sample size calculation to approximate the magnitude of ibuprofen-induced bilirubin displacing effect reported in in-vitro studies. Assuming the correlation between the baseline and follow-up B f to be more than 0.2, 10 subjects would allow detection of an actual difference of more than 1.3 SD in the mean difference in B f between baseline (before ibuprofen) and follow-up (after ibuprofen) with an a level of 0.05 and power of 0.80.
Statistical analyses and sample size calculation were performed using Stata 10 (Stata Corporation, College Station, TX, USA). The B f and K as baseline (before ibuprofen) were compared with respective follow-up (post ibuprofen) B f and K using the paired t-test or Wilcoxon signed-ranks test (if not normally distributed) with the hypothesis that the mean or median difference between the paired measurement is zero. All tests were two sided and a P-0.05 was considered statistically significant.
Results
A total of 13 subjects who were enrolled in the primary bilirubin study between November 2007 and July 2009 at the university hospital received ibuprofen for PDA management. Three infants who were started on ibuprofen after unconjugated hyperbilirubinemia was resolved were not considered for this secondary study. The remaining 10 premature infants met the study criteria and were evaluated. The mean GA and birth weight were 25.9 (range 24.1-27.4) weeks and 928 g (range 600-1300 g), respectively. Seven (70%) infants were Caucasians and five (50%) were male. The mean postnatal age when baseline blood samples were collected was 117.5 h (range 48-323 h) whereas the mean postnatal age when follow-up blood samples were collected was 131.1 h (range 60-335 h). The mean duration after ibuprofen administration when the follow-up bilirubin albumin binding assays were performed was 9 h (range 2-15 h). The clinical characteristics of subjects at baseline and at followup are shown in Table 1 . There was no significant difference in the amount of intravenous lipid intake at baseline and follow-up in study subjects (Table 1) . There was significant difference in glucose intake between baseline and follow-up. However, there was no association between glucose intake and B f concentration at baseline and follow-up. Similarly, there was no association between glucose intake and K. Eight infants had blood gases performed at baseline and follow-up. The mean pH at baseline was not significantly different from follow-up. There were no subjects with hypoxia (PaO 2 -40 mm Hg) at baseline and follow-up. There was no significant difference in the number of subjects receiving phototherapy between baseline and at follow-up.
The mean B f and K at baseline and follow-up are shown in Table 2 . There was significant difference in mean TSB concentration and TSB/albumin molar ratio between baseline and follow-up with the TSB concentrations and TSB/ albumin molar ratios significantly lower in the follow-up samples. There was no difference in B f concentrations and K between baseline and follow-up. The mean ratio of B f with (follow-up) and without ibuprofen present (baseline), a measure of how strongly the drug interferes with bilirubin albumin binding, was 0.89 (95% CI 0.63-1.14).
Discussion
Current literature suggests that B f is capable of crossing the blood-brain barrier and causing bilirubin-induced neurotoxicity in neonates w2, 4, 8, 9x. Therefore, a drug that displaces bilirubin from albumin, resulting in increased B f concentration, should be avoided in neonates with unconjugated hyperbilirubinemia. Ibuprofen, a prostaglandin inhibitor, is nearly 95% bound to proteins and therefore has a potential to displace bilirubin from albumin binding sites. The bilirubin-displacing effect has not been well studied in vivo. Therefore, although ibuprofen has been approved by the FDA for the management of PDA, the use of the drug has been cautioned against in the presence of hyperbilirubinemia. Our findings in premature infants suggest that ibuprofen for PDA management at the recommended initial dosage of 10 mg/kg administered intravenously may not be associated with a significant bilirubin displacing effect in the presence of unconjugated hyperbilirubinemia in very premature infants. Our findings imply that the risk of bilirubin-induced neurotoxicity may not be increased by ibuprofen administration after the first two postnatal days in doses recommended for PDA treatment in extremely premature infants.
Several in-vitro studies used bilirubin-albumin solution or pooled newborn sera w1, 3, 10x. It appears from in-vitro studies that the risk of ibuprofen-induced bilirubin displacing effect depends on plasma concentration of ibuprofen, bilirubin:albumin ratio, and intrinsic ability of albumin to bind ibuprofen and bilirubin. Ambat et al. w3x reported from an in-vitro study that significant bilirubin displacement was seen only with a high bilirubin:albumin ratio of 2.0 and ibuprofen concentration of 285 mg/mL (1387 mmol/L) when using saturation index test on bilirubin-albumin solution. The same group of investigators using a peroxidase method reported that B f was significantly higher when ibuprofen (142 mg/mL concentration) was added to newborn serum or bilirubin-albumin solution containing 10 mg/dL bilirubin compared to 5 mg/dL bilirubin suggesting that the displacing effect varies as a function of bilirubin:albumin ratio. Ahlfors et al. w1x demonstrated using the peroxidase method in an in-vitro study that the bilirubin displacing effect depended on ibuprofen plasma concentration. Ibuprofen significantly increased B f concentration and a ratio of B f with and without ibuprofen only at ibuprofen concentration )50 mg/mL in pooled newborn sera with bilirubin albumin ratios of 0.3 and 0.36 w1x. Similar association between bilirubin-displacing effect with ibuprofen concentration was demonstrated by Cooper-Peel et al. w10x with a reverse displacement method using cord sera with a bilirubin:albumin ratio of 0.5. CooperPeel et al. w10x reported none to minimal bilirubin displacing effect with ibuprofen concentration -50 mg/mL, however, there was an increase in B f by a factor of four with ibuprofen concentration of 154 mg/mL (750 mmol/L).
The finding of in-vitro studies may not be applicable in sick and very premature infants with PDA. Sick and very premature infants are more likely to have reduced albumin binding capacity and binding affinity, endogenous bilirubin displacers, such as free fatty acids, and conditions, such as acidosis and hypoxia that can magnify the displacing effect w4, 5x. Thus, the potential for displacement of bilirubin may be greater with competing drugs, such as ibuprofen at these or lower plasma concentrations of ibuprofen and lower bilirubin:albumin ratio w12x. We found no evidence of displacing effect as measured by bilirubin-albumin binding affinity and ratio of unbound bilirubin with and without ibuprofen in relatively stable and very premature infants. Although none of the premature infants were hypoxic, most premature infants had acidosis, presumably from symptomatic PDA. All premature infants were also receiving intravenous lipids that may be associated with altered bilirubin-albumin binding affinity w5x. Our finding of absence of increase in unbound bilirubin with ibuprofen therapy is consistent with a previous secondary report in premature infants w6x. The observed decline in TSB and bilirubin:albumin ratio at the follow-up period is probably a therapeutic effect of ongoing photo-therapy which most subjects were receiving during the study period.
The major strength of the study is the prospective evaluation with patients serving as their own control. Secondly, we evaluated displacing effect using bilirubin-albumin binding affinity in addition to the ratio of B f with (follow-up) and without ibuprofen. The major limitation of our study is that the findings may not be applicable during the first two days after birth as all the subjects received ibuprofen after the first two days. Plasma concentrations of ibuprofen are higher during the first two days after birth w7x. Second, our findings are based on random samples drawn between drug dosages. The findings may not be applicable to the time period corresponding to the peak ibuprofen concentrations. We did not measure ibuprofen concentrations, but the peak ibuprofen concentrations after intravenous administrations are usually seen soon after IV administration (1-2 h) of the initial dose and may exceed 50 mg/mL w17x. Therefore, it is possible that a significant transient bilirubin displacing effect may only be seen soon after IV administration. Third, our findings may also not be applicable at bilirubin:albumin molar ratio of G0.5 as most subjects in our study had bilirubin:albumin molar ratio -0.5.
In summary, our findings suggest that ibuprofen lysine when used at recommended dosage for the management of PDA after the first two postnatal days may not be associated with significant bilirubin displacing effect in relatively stable premature infants with mild to moderate hyperbilirubinemia. Since the bilirubin displacing effect appears to depend on plasma concentration of drug and bilirubin:albumin molar ratio, future larger prospective study including measurement of peak ibuprofen concentrations is warranted in sicker premature infants with jaundice to exclude the possibility of transient increase in unbound bilirubin concomitant with the peak plasma concentration of ibuprofen and or in the presence of severe jaundice with bilirubin:albumin molar ratio )0.5.
